The rotational spectrum of thiocyanic acid HSCN, a highly polar isomer of the well-known astronomical molecule isothiocyanic acid HNCS, has been measured in two radio bands: in the centimeter-wave band by Fourier transform microwave spectroscopy in a molecular beam, and in the millimeter-wave band by long-path absorption spectroscopy in a low-pressure glow discharge. Twelve spectroscopic constants were derived from more than 60 a-type rotational transitions between 11 and 346 GHz with J up to 30 and K a 6, including seven centimeter-wave transitions with resolved hyperfine structure. With these constants the rotational spectrum in the K a = 0 and K a = 1 ladders-those most likely to be observed in space-can now be calculated up to 400 GHz with formal uncertainties of less than 0.2 km s −1 in equivalent radial velocity. Thiocyanic acid was recently identified in Sgr B2 by Halfen et al. following the laboratory measurements, and there is possible evidence for it in cold dark clouds, with the implication that HSCN may be detectable in many galactic sources.
INTRODUCTION
Isothiocyanic acid HNCS, long known as a constituent of the interstellar medium, was detected 30 years ago via several a-type K a = 0 rotational transitions in Sgr B2 (Frerking et al. 1979) . Like isovalent HNCO, HNCS is calculated to be the most stable molecule with its elemental composition, and to possess a singlet ground state with a nearly linear heavy atom backbone and a planar equilibrium structure. The rotational spectrum of HNCS was first measured nearly 50 years ago by Beard & Dailey (1950) ; since then it has been the subject of many high-resolution studies, from the microwave band to the far infrared (Kewley et al. 1963; Yamada et al. 1979 Yamada et al. , 1980 Rodler et al. 1987; Niedenhoff et al. 1997) . Much of this work aimed at understanding the influence of large-amplitude bending vibrations on structural rigidity.
Although the derived abundance of HNCS relative to HNCO in Sgr B2 is consistent with the cosmic S/O ratio of 1/42 (Frerking et al. 1979 ), other small sulfur-bearing molecules (e.g., CCS: Saito et al. 1987 ; C 3 S: Yamamoto et al. 1987, etc.) were subsequently found in space with abundances greater than their oxygen counterparts. Despite extensive astronomical observations and chemical modeling of these molecules (Hatchell et al. 1998 ), sulfur chemistry is still not well understood, largely because the major reservoir of sulfur in dense molecular clouds has not been established (see Wakelam et al. 2004) . In light of recent work, the close agreement between the HNCS/HNCO and cosmic S/O ratios may be fortuitous. The recent astronomical detection of two high-lying CHNO isomers-HOCN (Brünken et al. 2009a (Brünken et al. , 2009b , calculated to lie 25 kcal mol −1 higher in energy than HNCO, and HCNO (Marcelino et al. 2009 ), a surprising 71 kcal mol −1 higher in energy (Schuurman et al. 2004) the formation of the energetic isomers in these two related families of molecules.
Thiocyanic acid HSCN is calculated to be the second most stable isomer of isothiocyanic acid, lying 4-14 kcal mol −1 (0.2-0.6 eV) above HNCS (Wierzejewska & Moc 2003; Durig et al. 2006 ), the precise energy difference depending on the level of theory and the basis set adopted in the quantum calculations. The a-component of the dipole moment of HSCN is also predicted to be substantial (µ a = 3.46 D)-twice that of HNCS (µ a = 1.72 D). Because HSCN is a low-lying, highly polar isomer, it was desirable to precisely measure its rotational spectrum so that a radioastronomical search could be undertaken. To date, HSCN had only been characterized experimentally at low spectral resolution by matrix-IR spectroscopy, where it was formed by UV-photolysis of HNCS in solid argon and nitrogen (Wierzejewska & Mielke 2001) . In the original study of the rotational spectrum of HNCS, Beard & Dailey (1950) were unable to detect any evidence for HSCN, concluding that "thiocyanic acid" in its vapor state consists of at least 95% HNCS. The only two unidentified lines in their observed spectrum we now know arise from rotational transitions in the low-lying v 6 vibrationally excited state of HNCS (Kewley et al. 1963 ).
Here we report the first gas-phase measurements of HSCN, and a precise determination of its rotational spectrum by Fourier transform microwave (FTM) spectroscopy between 10 and 35 GHz, and free space millimeter-wave absorption spectroscopy between 75 and 350 GHz. From the derived spectroscopic constants, the astronomically most interesting radio lines of this polar isomer of HNCS up to 400 GHz can be predicted with formal uncertainties of less than 0.2 km s −1 in equivalent radial velocity.
LABORATORY MEASUREMENTS AND RESULTS
Thiocyanic acid is a closed-shell asymmetric rotor very close to the prolate limit (κ = −0.99919), with the a principal axis of inertia closely coincident with the nearly linear heavy atom backbone (see Figure 1 ). For this reason, it has a large A rotational constant and a large separation between successive K a levels (∼15 K), as the energy level diagram in Figure 2 shows. The a-type spectrum of HSCN is expected to be significantly more intense than the b-type spectrum, owing to the large difference in dipole moments along the two principal inertial axes (µ a = 3.46 D versus µ b = 1.09 D).
The present apparatus has been described in detail previously (McCarthy et al. 2000; Gottlieb et al. 2003) . In the centimeterwave band, HSCN was produced in the throat of a pulsed supersonic discharge nozzle. As the discharge products expand from the nozzle into the confocal Fabry-Perot cavity, they undergo rapid adiabatic cooling; near the center of the cavity, the effective rotational temperature may be as low as 1 K. The gas mixture consisted of either acetonitrile (CH 3 CN, 0.2%) or cyanogen ((CN) 2 , 0.2%), and hydrogen sulfide (H 2 S, 0.2%) diluted in an inert buffer gas (Ne). The strongest lines were obtained with a discharge potential of 900 V and a gas pulse duration of ∼300 µs. In the millimeter-wave band, HSCN was produced in a low-pressure dc discharge through hydrogen sulfide and cyanogen in a 2:1 mixture in Ar. The total pressure in our free space absorption cell was about 20 mtorr with the walls of the cell cooled to approximately 200 K. A discharge current of 100 mA was found to optimize transitions of both HNCS and HSCN, with the lines of HNCS approximately three times more intense than those of HSCN. Notes. Three strongest (∆F = 1) hyperfine components of the J = 4 → 3 transition calculated from the full set of constants in Table 3 .
Centimeter-wave Spectrum
Our laboratory search for HSCN was guided by rotational constants derived from published quantum calculations (Wierzejewska & Moc 2003; Durig et al. 2006) , and nitrogen-14 quadrupole coupling constants calculated by us. A search near 11.5 GHz, the predicted frequency of the fundamental a-type rotational transition (J K a ,K c = 1 0,1 → 0 0,0 ), was undertaken first. A triplet pattern, with the expected line spacing and relative intensities characteristic of the expected hyperfine structure (hfs) was found within 5 MHz of the prediction. Two other lines closely harmonic in frequency, the 2 0,2 → 1 0,1 and 3 0,3 → 2 0,2 transitions, were then found, as were lines in the K a = 1 ladder which were within 25 MHz of the predictions. As the arrows in Figure 2 show, seven a-type transitions, three in the K a = 0 ladder, and four in K a = 1, were detected in the centimeterwave band (Table 1) . Owing to the low rotational temperature of the supersonic beam, the intensity of the K a = 1 lines was a factor of 1000 less than that in the K a = 0 ladder, so no attempt was made to search for higher K a transitions with our FTM spectrometer.
There is very little doubt that all of the assigned lines are from HSCN, and no other molecule. The close harmonicity of lines in the K a = 0 ladder and the absence of fine structure confirms that the carrier is a closed-shell molecule. The measured rotational constants B and C agree to better than 0.2% with those predicted from two theoretical calculations (Wierzejewska & Moc 2003; Durig et al. 2006) , providing strong evidence that HSCN is the carrier of the observed lines. Hfs in the lower rotational transitions and quadrupole coupling constants within 15% of those predicted show that the molecule contains nitrogen, as illustrated in the sample spectrum of the 2 0,2 − 1 0,1 transition (Figure 3 ). Conclusive confirmation of our assignment was provided by detection of DSCN with an isotope shift of 2.40%, that is within 0.01% of that predicted, as well as well resolved deuterium and nitrogen-14 hfs in the centimeter-wave rotational lines.
Millimeter-wave Spectrum
From a preliminary set of rotational constants derived from the FTM measurements, transitions in the K a = 0 and 1 ladders were observed with our free space millimeter-wave spectrometer. Many strong background lines were present in our discharge, but those of HSCN in the two lowest ladders were readily identified, because they were within 5 MHz of the predicted positions. Refinement of the spectroscopic constants following the identification of lines with successively higher K a , allowed precise measurements of transitions with K a up to 6 (see Figure 4 for a sample spectrum of an R-branch series near 172 GHz). Summarized in Table 2 are the measured millimeterwave frequencies.
In all, more than 60 rotational transitions with J up to 30 and K a 6, including seven in the centimeter-wave band with resolved hfs, were analyzed with Watson's S-reduced Hamiltonian. The experimental frequencies were reproduced to within the measurement uncertainties with three rotational constants, seven centrifugal distortion constants including one eighth-order constant, and two quadrupole coupling constants. Adding a second eighth-order distortion constant (L KJ ) reduced the rms (28 kHz) only slightly, so L KJ was constrained to zero. The A rotational constant was not well determined because we did not observe any b-type transitions. Owing to the high correlation with the K a dependent centrifugal distortion constants (D K , H K , and L K ) and the very weak dependence of the R-branch (∆J = 1, ∆K a = 0) transitions on A, the actual uncertainty in A may be greater than the statistical uncertainty obtained with the truncated Hamiltonian.
5 Summarized in Table 3 are the measured and theoretical spectroscopic constants of HSCN and DSCN.
An accurate determination of A awaits the detection of b-type transitions, such as 1 1,1 → 0 0,0 near 300 GHz. Although µ 2 b is 10 times smaller than µ 2 a , transitions such as these at high frequencies will be fairly intense. The difficulty in identifying b-type transitions in the present experiment was not signal to noise, but rather resulted from: (1) uncertainties in the frequency predictions; (2) lack of harmonicity of the b-type transitions; and (3) high density of background lines in our discharge source.
The rotational spectrum of HSCN in the K a = 0 and 1 ladders (those mainly expected to be populated in the interstellar gas) can now be predicted with formal uncertainties of better than 0.2 km s −1 in equivalent radial velocity up to 400 GHz with the constants in Table 4 . The spectroscopic constants in Table 3 might not be sufficiently accurate to predict frequencies of lines with higher K a , because HSCN like HNCS (Niedenhoff et al. 1995 ) is expected to show effects of quasilinearity characterized by large centrifugal distortion 6 and slow convergence of the effective rotational Hamiltonian, particularly for purely K a dependent terms. Measurements of lines in higher K a ladders confirm this expectation. For example, several tentatively assigned lines with K a = 7 differ by 1-2 MHz from those predicted with the spectroscopic constants in Table 3 , and the addition of still higher-order distortion fails to remove this discrepancy possibly owing to omission of the K a dependent terms D K and H K in the Hamiltonian. A more extensive analysis of the rotational spectrum of HSCN is anticipated. Notes. a Estimated experimental 1σ uncertainties in parentheses. b For lines with hfs less than the experimental uncertainty, C is the intensity weighted average of the three strongest hyperfine components.
DISCUSSION
Thiocyanic acid was recently detected in Sgr B2 on the basis of the work here, and there is possible evidence of HSCN in published spectra of cold dark clouds. In Sgr B2, five consecutive K a = 0 transitions were observed in the three millimeter-wave band (Halfen et al. 2009 ). The intensities, linewidths, and LSR velocities of HSCN and HNCS are comparable; the emission is cospatial and extended; and the column density of HSCN is only three times lower than that of the ground-state isomer (Kaifu et al. 2004) . Unresolved hyperfine structure would account for the somewhat greater width (0.80 km s −1 ) of the astronomical line at 44.9 GHz. A column density of HSCN in TMC-1 of (2-4) × 10 11 cm −2 was estimated from these two lines, on the assumption that the rotational temperature is 6 K. HNCS was not observed in TMC-1 by Kaifu et al. (2004) , implying that the HSCN/HNCS ratio of 25% may be similar to that in Sgr B2. Now that the astronomically most important rotational transitions have been measured in the laboratory, and HSCN has been identified in at least one astronomical source, observations in other galactic sources should follow. Measurements of the HSCN/HNCS ratio in sources with different physical and chemical environments may clarify how isomers are formed in the interstellar gas. Studies of HNC and HCN have shown that the abundance ratio of these two isomers is much greater in cold dark clouds than in sources with much higher kinetic temperatures (Hirota et al. 1998) . If the identification of HSCN in dark clouds is confirmed, it would allow comparison of the HSCN/ HNCS ratio with that in warm sources and possibly in hot cores if both isomers are detected. Detection of the more abundant rare isotopic species would yield a precise molecular structure. Because lines of HSCN are very intense in our FTM spectrometer, it should be feasible to detect the rare isotopic species either in natural abundance or with isotopically enriched samples.
The present laboratory spectroscopy should be extended to higher frequencies in anticipation of observations of HSCN in the submillimeter-wave and THz bands. By analogy with the extensive work on HNCS (see Niedenhoff et al. 1997 , and references therein), a full investigation of quasilinear HSCN may require measuring b-type transitions, pure rotational transitions in the low-lying vibrational states, and rotationally resolved IR spectra in the bending states. This work is supported by NSF grant CHE-0701204 and NASA grant NNX08AE05G.
